We examine the subprocess γγ → tc +tc at electronpositron colliders in the two-Higgs-doublet model with flavor-changing scalar couplings, where all the one-loop contribuions are considered, and the results are applicable to the whole mass range of the weakly coupled Higgs bosons.
I. Introduction
The experimental data have shown that the flavor changing scalar interactions (FCSI) involving the light quarks are strongly suppressed. This leads to the suppression of the flavor changing neutral currents(FCNC) which is an important feature of the standard model(SM) which was explained in terms of the GIM mechanism. In the commonly used two-Higgsdoublet models(THDM), the absence of the FCSI at the tree level can be assured, if the natural flavor conservation(NFC) condition [1] is valid, by imposing discrete symmetries on the model. Then the THDM model with NFC condition can be subdivided into two modes, i.e., Model I and Model II. In Model I, both the up and down type quarks get their masses from the same Higgs doublet, and in Model II the quarks get their masses from different doublets. Two years ago the CDF and D0 collaborations found that the top quark has a very large mass (world average value: m t = 175.6 ± 5.5 GeV ) [2] . This extraordinary mass scale of the top quark has many important implications pertaining to many outstanding issues in theoretical particle physics. One of these consequences is that FCSI at the tree level would exist at high mass scales. The measurement of FCSI involving top quark would provide an important test for the discrimination of various models. As Cheng, Sher and other authors [3] [4] [5] [6] pointed out, since the Yukawa couplings are typically related to the masses of the fermions participating at the vertices, it is rather natural to expect having Yukawa couplings for the FCSI instead of placing the constraints due to NFC on the theory.
If the Yukawa couplings are proportional to the quark masses, low energy limits on FCNC's may be evaded because the flavor changing couplings to the light quarks are small, and the suppression of the FCSI involving light quarks can be automatically satisfied. Then the imposition of discrete symmetries to insure that the NFC condition is satisfied, which is normally invoked in commonly used two-Higgs-doublet models to prevent the FCSI at the tree level, is therefore unnecessary. We call such THDM as the third mode of THDM(i.e., THDM III) [6] . In the framework of this model the effects of FCSI involving the heavy quark will be enhanced.
If the philosophy of the THDM III is correct, one would expect that large effects of the FCSI could manifest themselves in the cases involving the massive top quark. Therefore testing the existence of the flavor changing scalar interactions involving top quarks is a promising task for future colliders. Recently, D. Atwood et al. [7] presented results of a calculation for the process e + e − → tc(ortc) in the THDM III, and they got R tc /λ 4 to be in the order of 10 −5 with proper parameters. They stressed that this experimental signal is very clean and that FCSI can lead to measurable effects. As we know, the future Next Linear
Collider(NLC) is designed as a 500 GeV e + e − collider with an integral luminosity of the order of 10 f b −1 per year. There is also a possibility that the NLC may be operated in γγ collision mode, then it provides another facility in top physics research with a cleaner environment.
The subprocess γγ → h 0 , A 0 → tc+tc was first studied by Hou and Lin [8] . They pointed out that at the NLC we can also use this processs to study FCSI. There they presented results of calculations for the specific case where on-mass-shell neutral Higgs bosons with the masses in the range 200 GeV < m h 0 ,A 0 < 2 m t ≃ 350 GeV are produced from γγ fusion and the photon helicities have the average value < λλ ′ >∼ +1. They predicted that one can get 10 2 ∼ 10 3 raw events per year with 50 f b −1 luminosities in NLC operated in γγ collision mode.
In this paper we present the complete one-loop calculation for the subprocess γγ → tc(or tc) at the O(m t m c /m 2 W ) order in the THDM III, and the results are applicable to the whole mass range for weakly coupled Higgs bosons. The production rates of e + e − → γγ → tc +tc are also given for the NLC energy range. It shows that this process is more promising than the straight e + e − process for probing FCSI. The paper is organized as follows: The details of calculation are given in Sec. II. In Sec. III there are numerical results and discussion and a short summary. Finally, the explicit expressions used in the paper are collected in appendix.
II. Calculation
In the third type of the two-Higgs-doublet model, the up-type and down-type quarks are allowed simultaneously to couple to more than one scalar doublet. We consider the THDM has two scalar SU(2) w doublets, φ 1 and φ 2 :
with Lagrangian
where V (φ 1 , φ 2 ) is the general potential which is consistent with the gauge symmetries. Since there is no global symmetry that distinguishes the two doublets in THDM III, we can assume
where v ≃ 246 GeV . The physical spectrum of Higgs bosons consists of two scalar neutral bosons h 0 and H 0 , one pseudoscalar neutral boson A 0 and two charged Higgs H ± ,
The masses of the five neutral and charged Higgs bosons and the mixing angle α are free parameters of the model. The Yukawa couplings to quarks are [9] ,
where the first two terms give masses of the quark mass eigenstates, and ξ are all free parameters and can be constrained by the experimental data. If we neglect CP violation, the ξs are all real. In this paper we use the Cheng-Sher Ansatz(CSA) [5] and let
And we can parametrize the Yukawa couplings as
Comparing it with the usual gauge couplings of SU(2) × U(1), one has λ = 1 √ 2
. In our
and note that there is no stringent bound on the coupling factor λ theoretically.
This process can be produced via one-loop diagrams, and the Feynman diagrams are given in figure 1(a) and figure 1(b) , where the contribution of neutral Higgs and charged
Higgs one-loop diagrams are given respectively. The diagrams exchanging the two external γγ lines are not shown in Fig.1(a) and Fig.1(b) . Fig.1(a) (1 ∼ 12) and Fig To simplify the calculation we set α = 0 as adopted in Refs. [7] and [9] and let all scalar bosons be degenerate, i.e., m h 0 = m A 0 = m H ± = M s where M s is the common scalar mass.
The contribution from the coupling involving H 0 is suppressed due to α = 0.
In the calculation for the s-channel diagrams( 
The decay width for the pesudoscalar A 0 boson can be represented by exchanging exponents We denote θ as the scattering angle between one of the photons and the final top quark.
Then in the center-of-mass(CMS) we express all the four-momenta of the initial and final particles by means of the total energy √ŝ and the scattering angle θ. The four-momenta of top quark and charm quark are p 1 and p 2 respectively and they read
where
p 3 and p 4 are the four-momenta of the initial γ and they are
The corresponding matrix element for all the diagrams in figure 1(a) and figure 1(b) is written as
The upper indexesŝ,t, andû represent the amplitudes corresponding to the s-channel diagrams, t-channel and u-channel diagrams in figure 1(a) and figure 1(b) respectively. The variablesŝ,t andû are usual Mandelstam variables in the center of mass system of γγ. Their definitions are:ŝ
We collect all the explicit expressions of the amplitudes appearing in equation (11) in the appendix. The total cross section for γγ → tc +tc can be written in the form
where |M | 2 is the initial spin-averaged matrix element squared, the color factor N c = 3 and
The total cross section for e + e − → γγ → tc +tc can be obtained by folding theσ, the cross section for γγ → tc +tc, with the photon luminosity,
where √ s and √ŝ are the e + e − and γγ CMS energies respectively, and the quantity dL γγ /dz is the photon luminosity, which is defined as
For unpolarized initial electrons and laser photon beams, the energy spectrum of the backscattered photon is given by[11]
and ξ = 4E 0 ω 0 /m 2 e . m e and E 0 are the mass and energies of the incident electron, respectively. The dimensionless parameter x represents the fraction of the energy of the incident electron carried by the back-scattered photon. In our evaluation, we choose ω 0 such that it maximizes the back-scattered photon energy without spoiling the luminosity by e + e − pair production. Then we can get ξ = 2(1 + √ 2) ≃ 4.8, x max ≃ 0.83 and D(ξ) ≃ 1.8. That is a usual method which was used in Ref.
[12].
III. Numerical Results and Discussion
In the numerical evolution we take the input parameters GeV , it is located at about √ŝ ∼ 2 M s , whereas for √ŝ ∼ 400 GeV and 500 GeV , they are at M s ∼ 150GeV . From these curves we find that the cross section can be obviously enhanced when M s gets close to √ŝ . 
−5 [7] , when all the masses of Higgs bosons are degenerate, which amounts to less than 0.1 event for a 500 GeV NLC with 50 f b −1 integrated luminosity. It shows clearly that with the same parameters, the process e + e − → γγ → tc +tc occurs with larger cross section than e + e − → tc +tc process.
In summary, from our one-loop calculation, we can conclude that it is possible in the NLC that the process e + e − → γγ → tc +tc can be used to probe the flavor changing 
Appendix
We adopt the same definitions of one-loop A, B, C and D integral functions as in Ref. [14] and the references therein. The dimension D = 4 − ǫ. The integral functions are defined as
,
In our calculation we take the strange quark mass m s = 0. The Mŝ in equation (11) can be written as
The amplitude of Mt can be written as
where the f i s and f ′ i s are expressed explicitly as,
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